Abstract. We present an experimental and modelling study of a strong gravity wave event in the upper troposphere/lower stratosphere near the Scandinavian mountain ridge. Continuous VHF radar measurements during the MaCWAVE rocket and ground-based measurement campaign were performed at the Norwegian Andoya Rocket Range (ARR) near Andenes (69. show the presence of a mountain wave and of an inertia gravity wave generated by a jet streak near the tropopause region. Temporal and spatial dependencies of jet induced inertia gravity waves with dominant observed periods of about 13 h and vertical wavelengths of ∼4.5-5 km are investigated with wavelet transform applied on radar measurements and model data. The jet induced wave packet is observed to move upstream and downward in the upper troposphere. The model data agree with the experimentally obtained results fairly well. Possible reasons for the observed differences, e.g. in the time of maximum of the wave activity, are discussed. Finally, the vertical fluxes of horizontal momentum are estimated with different methods and provide similar amplitudes. We found indications that the derived positive vertical flux of the horizontal momentum corresponds to the obtained parameters of the jet-induced inertia gravity wave, but only at the periods and heights of the strongest wave activity.
Introduction
Gravity waves are an essential part of the dynamics of the atmosphere on a wide band of meteorological scales. Propagating to higher altitudes, the gravity wave amplitude generally increases due to the exponential decrease in atmospheric density with height, until the waves encounter their breaking level. Here, the amplitude is so large that entailed atmospheric changes become irreversible and the waves deposit energy and momentum into the mean flow (Lindzen, 1981; Holton, 1982) . Over the last decades, a multitude of experimental observations, theoretical and modelling studies have considerably improved our understanding of gravity waves and their effects on the atmosphere (e.g. Fritts, 1984 Fritts, , 1989 Fritts and Alexander, 2003) . It is generally accepted that the main gravity wave sources in the lower and middle atmosphere are orographic forcing (Röttger, 2000) , jet streams in the tropopause region (Plougonven et al., 2003; Zülicke and Peters, 2006) , deep convection processes (Nastrom et al., 1990; Alexander and Holton, 2004) , wave-wave interactions (Rüster, 1994) , thunderstorms (Chimonas and Nappo, 1987) . Orographically generated gravity waves with upward propagation can be expected in the presence of strong winds in the lower troposphere. However, such a meteorological situation is often coupled with strong winds in the tropopause level, which can also be associated with sub-inertial waves generated from a jet in the tropopause region. This generation process has previously been shown to produces both upward and downward propagating waves (Peters et al., 2003) . Hence, it is an important task to detect and quantify both mountain and jet generated inertia gravity waves.
Detailed reports on VHF radar observations of jet-induced gravity waves have been given by Thomas et al. (1999) and Pavelin and Whiteway (2002) . Buss et al. (2004) report on model analyses of jet stream induced gravity waves associated with polar stratospheric clouds. Recently, Hertzog et al. (2002) compared in situ observations of gravity waves using Published by Copernicus GmbH on behalf of the European Geosciences Union.
2864
A. Serafimovich et al.: Inertia gravity waves in the upper troposphere during MaCWAVE -Part II long-duration balloons with numerical simulations on gravity waves during the SAGE III -Ozone Loss and Validation Experiment and Third European Stratospheric Experiment on Ozone 2000 (SOLVE/THESEO) campaign and showed a generation of gravity waves by a flow across the Norwegian mountains. According to their work, the mesoscale model simulations reproduce most of the observed gravity wave characteristics fairly well, whereas the fluctuations were significantly underestimated by the European Center for Medium-Range Weather Forecast (ECMWF) model.
In this paper we study jet generated inertia gravity waves under the presence of orographically induced waves. These investigations have been done in the frame of the MaCWAVE-project (Mountain and Convective Waves Ascending Vertically) to study the vertical propagation of the gravity waves up to the mesosphere and lower thermosphere region (Goldberg et al., 2004 , using radars and lidars, supplemented by meteorological rockets and radiosondes.
In a companion paper (Part I, Hoffmann et al., 2006) we present experimental results of gravity waves in the upper troposphere/lower stratosphere at both sides of the Scandinavian mountain ridge using continuous VHF radar measurements near Andenes (69.3 • N, 16 • E) and near Kiruna (67.9 • N, 21.1 • E). For the period with strongest gravity wave activity, here we selected one case study to compare experimentally obtained results with detailed gravity wave analyses based on PSU/NCAR Fifth-Generation Mesoscale Model (MM5) calculations. The application of mesoscale circulation models to the generation of mountain and jet generated inertia gravity waves has been proven as useful for the interpretation of observations due to the large amount of consistent simulated data. Especially the detection and interpretation of mountain waves which are generated by a steady background flow and therefore appear as stationary relative to a fixed ground based measurement, will be mainly supported by model simulations. Conversely, their degree of reality can be characterized from a validation with observations. This two-fold approach will be used in this study. Therefore, the main aim of this study is concentrated to check, how the mesoscale model simulations and the radar measurements fit together and complement each other.
Gravity waves strongly affect atmospheric circulation and structure by transferring momentum and energy from their sources (Holton, 1982; Fritts and VanZandt, 1993; Gavrilov et al., 1996) . Measurements of the vertical transport of horizontal momentum are possible with aircraftmounted systems (Lilly and Kennedy, 1973) , superpressure balloons (Hertzog and Vial, 2001 ), mesosphere-stratospheretroposphere (MST) radar (Fukao et al., 1988) . From the observational point of view, it is difficult to measure the vertical velocity component with a sufficient accuracy. Although radars in principle measure this quantity, the wave-attributed variations are often superimposed with noise. Additionally to the direct computation of vertical fluxes using the covariances between perturbations of the zonal, meridional winds, and vertical winds, Doppler beam radars open the possibility to make estimates of the momentum fluxes straightforward using two tilted radial beams (Vincent and Reid, 1983) . Here, the available data will be used for an intercomparison of these methods.
The paper is organized as follows. In Sect. 2 the data base used in this case study is presented. The meteorological background for the generation of mountain and inertia gravity waves is described in Sect. 3. Section 4 is devoted to the estimation of jet induced inertia gravity wave characteristics including their horizontal momentum fluxes. In Sect. 5 we discuss our main results and give concluding remarks in Sect. 6.
Data base

VHF radar ALWIN
We analysed data from the 53.5 MHz ALOMAR Wind (ALWIN) VHF Radar in Andenes (Latteck et al., 1999) . The radar is situated at high latitudes in the vicinity of western side of the Scandinavian mountain ridge (69.2 • N, 16 • E) and measures wind parameters in the stratospheric-tropospheric (ST) mode with a resolution of 300 m in height and 2 min in time in the height range of 2-16 km, where the upper limit depends on the signal-to-noise ratio of the backscattered signal. For further investigations in this work, the data are averaged over 30 min intervals. The full description of the ALWIN radar is given in a companion article (Part I, Hoffmann et al., 2006).
Mesoscale model MM5
The MM5 model is used to examine the results derived from the radar measurements during 24-26 January 2003. It is a limited-area, nonhydrostatic, terrain-following sigma-coordinate model designed to simulate mesoscale and regional-scale atmospheric circulation (Dudhia, 1993; Grell et al., 1994) . The simulation was centered at Andenes and covered an area of 2880 km×2880 km with a horizontal resolution of 24 km and a vertical resolution of 250 m. Such a configuration allows a simulation of waves with horizontal and vertical wavelengths larger than ∼170 km and ∼1.4 km, respectively (Zülicke and Peters, 2006) . The complex physics run was set up with a radiative upper boundary condition (Zhang, 2004) , Grell cumulus parametrization (Grell, 1993) and the Dudhia scheme for microphysics (Dudhia, 1993) together with the Hong-Pan planetary boundary layer module (Hong and Pan, 1996) . The USGS (United States Geological Survey) terrain data were used with spatial resolution of 10 ′ . The initial and boundary conditions were constructed from the ECMWF analyses. The model run was started at 00:00 UT 23 January 2003. The resulting data fields have been recorded for each hour. 
General meteorological situation
In order to describe the meteorological background, Fig. 1 shows wind vectors and geopotential heights derived from the ECMWF analyses at 12:00 UT on 24 January 2003 for the 300 hPa level corresponding to a height of ∼9 km.
The meteorological situation was determined by the occurrence of a poleward downstream breaking Rossby wave (classified as P2 according Peters and Waugh, 1996) . This event leads to a strong eastward directed jet near the tropopause towards the Northern Scandinavian mountains mostly south of Andenes.
3.1 ALWIN, ECMWF and MM5 local winds Figure 2 presents the zonal and meridional winds at Andenes measured by the ALWIN radar (Fig. 2, upper panel) , the output of the MM5 model (Fig. 2 , middle panel) and results derived from the ECMWF analysis (Fig. 2, lower panel) . MM5 model and ALWIN radar show good agreement in both location and timing of the background winds. However, in comparison with the ECMWF data, the advantage to investigate smaller-scale phenomena with mesoscale models is evident due to their higher temporal and vertical resolution suitable for the reproduction of winds and their variations measured by radar observations.
Wave diagnostics
The MM5 model captures the mesoscale structure quite well. Inertia gravity waves are associated with deviations from the geostrophic equilibrium. Therefore the horizontal divergence is used as an indicator for a gravity wave field. It is commonly written in Cartesian coordinates With reference to the vertical profile of the MM5 model (Fig. 4) we see in the divergence pattern clear signals of a stationary mountain wave with a vertical wavelength of 8-10 km which is practically dominant above ∼12 km height. They appear as upstream upwards inclined structures corresponding to upward propagating energy which also confirms the character of a mountain wave. The observed changes of their phase angles above ∼17 km height can be caused by changes of the background winds (Fritts and Alexander, 2003) or by variations of the wavenumbers.
This structure is slightly deformed at the tropopause level at about ∼9 km height. Above and below the jet, flatter waves are also evident in Fig. 4 . They are clearly seen downstream the mountains and weakly upstream. These waves have vertical wavelengths in the order of 3 km. According to Peters et al. (2003) , there are propagating away from the jet. The inspection of the temporal development of the wave patterns (not shown here) revealed wave packets propagating upwards in the stratosphere and downwards in the troposphere. Hence, the energy source of such inertia gravity waves is the tropospheric jet streak. Therefore, these waves are termed "jet generated waves" (Peters et al., 2003) .
The rotary spectrum is an appropriate method to describe the presence of atmospheric gravity waves, their vertical wavelengths and to get hints on their energies and vertical propagation directions (Thompson, 1978; Guest et al., 2000) . This method has been used by Peters et al. (2003) to diagnose an inertia gravity wave generated by a tropospheric jet during a Rossby wave breaking event. The application on radar measurements has been described in detail by Serafimovich et al. (2005) and in the frame of the MaCWAVE winter campaign by Hoffmann et al. (2006) . In Sect. 4.2 we will apply this method in more detail to investigate the jet generated waves. But at first, we describe the vertical structure influenced by both types of waves, generated by the mountains and by the upper tropospheric jet. Therefore, the rotary spectra have been created for the ALWIN radar data from 1.5-12.3 km (Fig. 5a ) and for the model data from 0.9-18.9 km (Fig. 5b ) without any filtering in the vertical direction, but only filtered in time for periods between 8-18 h in order to reduce the influence of the jet observed with periods of about 24-36 h (Fig. 2) . The band pass-filter has been realized by application of the Fourier transformation technique.
The results from 24 January 2003 indicate the presence of two waves. Unfortunately, the radar profile did not reach high enough to sample the strong mountain wave appearing most clearly above 12 km. The flatter wave with a vertical wavelength of 4 km appears with its downward component and corresponds to the model results (Figs. 4 and 5b) , while the upward component (above the jet) was not sampled by the radar.
Corresponding to Fig. 4 , the higher negative peaks in the model data ( Fig. 5b) with a vertical wavelength of about ∼10 km describe the dominating upward propagating mountain wave. Additionally, the peaks with a vertical wavelength of about ∼5 km indicate the presence of an inertia gravity wave. The intensity of these peaks is not very different, probably caused by the contribution of both, upward and downward propagation of these waves above and below the jet maxima. In the next section we will investigate these waves in more detail.
Jet generated inertia gravity waves
Normally, the wind perturbations are analyzed as superposition of atmospheric waves with different frequencies. In order to estimate inertia gravity wave parameters, individual waves have to be separated with objective statistical methods.
Wavelet analysis
In order to detect the presence of a wave in the data, a wavelet transform has been applied (Torrence and Compo, 1998; Zink and Vincent, 2001 ). This technique is becoming a common tool for analyzing localized variations due to their possibilities to resolve the waves in frequency domain as well as in time or height. Wavelet transforms have been applied on time series of the zonal and meridional winds for constant height ranges as well as on wind profiles versus height for fixed time intervals. The significance of the results depends on the mother wavelet and the sample length, which is reduced at the boundaries of the time and height intervals, respectively. To minimize such border effects, we decided to apply the Paul wavelet on the wind profiles due to their short record lengths. This wavelet leads to a better height localization of the dominant vertical wavelengths and smaller influences of the border effects, as shown by Torrence and Compo (1998) . For the wavelet transforms of time series for constant heights the Morlet wavelet has been applied resulting in a better frequency localization of the dominant observed periods. With the Morlet wavelet the influence of limited data on the borders are larger in comparison with the Paul wavelet, but there are no problems to extend the time series. Details of the choice of the wavelet function can be found in Torrence and Compo (1998) . More information on the methods used here are given in Serafimovich et al. (2005) . From the averaged wavelet power spectra of the zonal and meridional winds of both, experimental and model data, we estimated the dominant observed periods and vertical wavelengths. The wavelet transform of the radar data measured at Andenes (Fig. 6, left panel) shows a significant wave with an observed period of about 10-13 h (Fig. 6a) and a vertical wavelength of 4-5 km (Fig. 6b) . Similar structures have been found in the averaged wavelet power spectra of the zonal and meridional winds obtained by the model (Figs. 6c, d ). The wavelet spectrum of time series averaged in height (Fig. 6c) shows a significant wave event during 00:00-12:00 UT at 25 January 2003 with an observed period of ∼13 h, whereas the wavelet spectrum applied to vertical profiles of horizontal winds (Fig. 6d) averaged in time detects a significant vertical wavelength of ∼5 km. Consequently, this information has been used to construct appropriate filter for the estimation of wind perturbations.
Rotary spectrum
As already discussed in Sect. 3.2, the calculation of the rotary spectrum allows directly to estimate the vertical direction of energy propagation. To identify a possible source of the gravity wave, Fig. 7 shows the rotary spectra derived from vertical profiles of horizontal winds from ALWIN radar (left) and MM5 model (right) data. In contrast to Fig. 5 , a twodimensional band-pass filtering was applied to the data with a bandwidth of 8-18 h in time and 2-8 km in height to exclude the influence of the dominating mountain wave. The rotary spectra of the radar data in the height range 3-9 km are shown in the left part of Fig. 7 . The dominance of the negative parts in the spectra indicates a downward energy propagation in the troposphere. Unfortunately, the radar profile did not reach high enough to describe the propagation of the gravity wave above the jet. Figure 7 (right) represents the rotary spectra derived from the model simulations, again in the height range 3-9 km (solid line) and, additional, from 9-15 km (dashed line). The difference in the negative and positive parts of the spectra indicates a downward energy propagation in the troposphere and an upward energy propagation in the lower stratosphere. This gives us the evidence of the gravity wave generation by the jet streak in the upper troposphere.
Stokes analyses
In order to provide a more statistical description of the wave field, we use the Stokes-parameter technique, introduced by Vincent and Fritts (1987) and improved by Eckermann and Vincent (1989) . This technique assumes that any given vertical profile of horizontal velocity perturbations, (u ′ (z), v ′ (z)), contains a partially polarized wave field. The four Stokes parameters are defined as total variance I , axial anisotropy D, "in-phase" covariance P associated with linear polarization, and "in quadrature" covariance Q associated with the circular polarization of the gravity wave. Based on the Stokes parameters of the wave field, the phase difference δ between zonal and meridional wind perturbations, the major axis orientation , and the averaged ellipse axial ratio R are estimated from the radar measurements and MM5 model output for the altitude range from 3-9 km (Table 1) .
According to the results of the wavelet analyses (Fig. 6) , here the Stokes parameters are calculated for vertical wavelengths between 3.2-9.6 km for the model data, whereas vertical wavelengths between 3.8-6.4 km have been used for the radar measurements. From the total variance I (not shown here), we found the maximum energy in the model data at 15:00-16:00 UT on 25 January, whereas the radar data showed the peak of the wave activity on 25 January 6 h earlier.
The main representative characteristics of gravity waves are their intrinsic frequencyω, horizontal k h and vertical m wavenumbers, phase υ p and group c g velocities. The estimation of these values is based on the solution of the three equations, polarization, dispersion and Doppler equation (Eqs. 2-4) using the polarization ellipse ratio R, the horizontal orientation of wave propagation estimated by the Stokesparameter analysis as well as the observed frequency ω ob and the vertical wavenumber m. Corresponding to Zink and Vincent (2001) , we adopt here the convention of a positive intrinsic frequencyω. The polarization relation (Eq. 2) including the wind shear term ∂V /∂z can be used to find an expression for the axis ratio
where f c is the Coriolis frequency. Here the vertical wind shear effect in the background wind, as introduced by Hines (1989) , is included by the term ∂V ∂z , where V denotes the mean horizontal wind component perpendicular to the wave propagation.
The dispersion relationship is given bŷ
where N is Brunt-Väisälä frequency here selected with a typical value of 0.013 s −1 for tropospheric heights. While the Stokes analysis reveals the wave orientation , the direction of the horizontal wave vector still must be specified. The Doppler relationship connecting the observed frequency ω ob and the intrinsic frequencyω of the gravity wave is given by
where U is the mean background horizontal wind component given in the same orientation as horizontal wavenumber k h . From the analysis of the rotary spectrum (Sect. 4.2, Fig. 7) we found a downward energy propagation in the troposphere, hence m is positive. From the Hovmöller-diagram (not shown here) we deduce an observed frequency ω ob =2π/(13h), consistent to the wavelet spectra (Fig. 6 ). The analysis of Eq. (4) reveals two solutions: a downstream wave in slow winds (k h >0, U ∼−10 ms −1 ) and an upstream wave in fast winds (k h <0, U ∼20 ms −1 ). Due to the dominating westerly winds of about u=25 ms −1 , the latter solution is adopted, also in agreement with the already in Sect. 3.2 discussed wave propagation away from the jet (Peters et al., 2003) . The wave orientation is slightly distorted by 38 • with respect to the dominating flow in the zonal direction. The component projected onto the wave is U =25· cos(38 • )=20 ms −1 , and this is the number retrieved form the Doppler equation. Hence, the modelled inertia gravity wave packet in the upper troposphere moves upstream downward. The derived gravity waves parameters are presented in Table 2.
The analysis of the gravity wave with an observed period T ob of ∼13 h and a vertical wavelength of ∼4.8 km in the model data leads to an intrinsic period T in of about 4.1 h and a horizontal wavenumber of 3.7×10 −5 m −1 , corresponding to a horizontal wavelength of 171 km.
The analysis of radar measurements gives an intrinsic period of gravity wave in the order of 5.6 h, a horizontal wavelength of 231 km, and a vertical wavelength of ∼4.6 km. The horizontal and vertical wavenumbers are negative and positive, respectively, reflecting the discussed upstream and downward propagation of the wave packet.
The wave characteristics derived from radar measurements and model output are in a good agreement. Both, observations and simulations indicate a wave propagation to northwest and differ by only 26 • .
Momentum flux due to gravity waves 4.4.1 Direct approach, symmetric-beam and hybrid methods
Gravity waves transport momentum from energy sources. These processes are characterized by the momentum fluxes which can be measured by ground based radars with symmetric-beam and hybrid methods or with the direct approach method. The separation of noise and wave related variation presents a special problem for the following analysis. Too high noise levels prevented the analysis of stratospheric data. Therefore, we are focussing here on the influence of the jet induced inertia gravity waves (Table 2) times the standard deviation. The linear interpolation has been used to fill up the data gaps in height profiles of measured winds. Similar to Worthington and Thomas (1996) , we have reduced the influence of the mean winds and of the mountain waves by a Lanczos-low-pass filter which passes periods smaller than 36 h and vertical wavelengths less than 7 km to separate the estimated inertia gravity waves with vertical wavelengths of about 4-5 km in order to derive the wind perturbations u ′ , v ′ , w ′ . In the direct method, the vertical fluxes of zonal and meridional momentum are estimated by averaging of the product u ′ w ′ and v ′ w ′ over a defined time interval.
In the symmetric-beam method of Vincent and Reid (1983) the momentum flux in a vertical plane is obtained using two radial radar beams pointing at symmetric zenith angles +θ and −θ :
where υ N ,υ S ,υ E ,υ W represent radial perturbations velocities in the north, south, east and west directions, respectively. Another approach, the hybrid method, was proposed by Worthington and Thomas (1996) and is based on measurements of the vertical wind perturbations directly and the horizontal winds using a pair of radial beams:
Flux estimates
From the winds measured by the ALWIN radar at Andenes we calculated vertical fluxes of horizontal momenta. Figure 8 presents the time development of vertical fluxes of zonal (upper panel) and meridional (lower panel) momenta derived by direct approach (black), symmetric-beam (red) and hybrid (blue) methods at altitudes between 4-10 km corresponding the appearance of the strongest wave activity, as e.g. demonstrated with the wavelet spectra (Fig. 6) . The symmetric-beam, the hybrid methods and the direct method provide similar amplitudes of the momentum fluxes. The time dependence of the vertical flux of zonal momentum shows an increase of flux magnitude on 25 January from 12:00-24:00 UT between 6 and 8 km. During this period, the strongest inertia gravity wave activity has been used to derive the wave parameters (Table 2) as described in Sect. 4.3. Note that the amplitudes are smaller in comparison to the results of gravity wave momentum fluxes recently derived by Dutta et al. (2005b) , probably caused by the used filter routine.
Following Fritts and Alexander (2003) and relations (40), (41) therein, the vertical flux of horizontal momentum is proportional to the vertical group velocity and horizontal wave number
were E denotes the energy of the gravity wave. This relation is used here for a discussion of the orientation of the waves and related fluxes. From our analyses (Table 2) we found on 25 January a negative horizontal wave number and negative vertical group velocity corresponding to a downward energy propagation result, so that we can explain the derived positive vertical flux of the horizontal momentum in the zonal direction on 25 January from 12:00-24:00 UT between 6 and 8 km with the obtained wave parameters. To separate the influence of both observed mountain and jet induced gravity waves on the total flux, future investigations are still necessary. For comparisons between vertical fluxes of horizontal momenta derived from ALWIN radar measurements and the MM5 model data, the direct approach method has been applied on the model simulations due to missing off-zenith radial wind perturbations in the model data. Here the same removal of the running averages over 36 h has been used to get wind perturbations u ′ , v ′ , w ′ . However, the averaged absolute amplitudes of vertical fluxes of the horizontal momenta from MM5 model data are approximately half the amplitudes of fluxes derived from ALWIN radar measurements. This confirms the smaller peaks in the rotary spectrum from MM5 model data (Fig. 7) .
Discussion
Mountain and jet generated waves
Detailed analysis of the rotary spectra from the ALWIN radar measurements and MM5 simulations (Fig. 5) indicate the appearance of both mountain and jet generated waves. The upward propagating wave with a vertical wavelength of ∼10 km could be attributed to a nearly stationary mountain wave satisfying the relevant condition, e.g. (Smith, 1989) 2π/|m| ∼ 2πU /N ∼ 10 km (10) with U =20 ms −1 . Waves with the detected shorter vertical wavelength of (∼5 km) are related to the upper tropospheric jet due to their upward propagation in the stratosphere and their downward propagation in the troposphere. Note, that the Scandinavian mountain ridge is oriented to the north-east and mountain waves would align perpendicular to the ridge. A detailed study of jet generated waves revealed their major propagation was to north-west. Furthermore, the momentum flux was in nearly the same direction and transported momentum in flow direction away from the jet. The waves did not propagate straight upstream but slightly distorted. Such a distortion has also been observed in analyses of jet generated waves over Northern Germany in December 1999 (Zülicke and Peters, 2006) . A possible explanation would be the regulation of the angular momentum of the curved jet streak by inertia gravity waves. Hence, this question requires further investigation.
In this study we compared radar observations and model simulations at the position of Andenes. The occurrence of both mountain and jet-induced inertia gravity waves, as proved in Sect. 4.2 offers a possibility for a study of both wave types. The rotary spectra of the MM5 data (Fig. 5) suggest that the energy of the mountain waves is five times higher than the energy of jet generated waves. This results is different to a study of inertia gravity waves in the German lowlands (Zülicke and Peters, 2006) , where orographically generated waves had similar energy as jet induced waves.
Insofar, the position of Andenes was clearly dominated by mountain waves with additional contributions from jet generated waves. The joint analysis with observations at Kiruna at the downstream side of the Scandinavian ridge (see the companion paper Part I, Hoffmann et al., 2006, Fig. 8) shows the pregnant modification of the wave properties. The analysis of the relevant processes in the synoptic situation of a poleward breaking Rossby wave is matter of future studies.
Radar observation
Due to its ability to measure continuously 3-D winds using height and time resolutions adapted to gravity wave parameters, ALWIN VHF radar has been used to identify gravity waves, to consider their height and time dependencies, and to separate simultaneously existing waves. The main characteristics of jet induced gravity waves have been determined using rotary and Stokes-parameter spectra and evaluating the dispersion and polarization equations. As results, an intrinsic period of gravity wave in the order of 5.6 h, a horizontal wavelength of 231 km, and a vertical wavelength of ∼ 4.6 km have been determined. The horizontal and vertical wavenumbers are negative and positive, respectively, reflecting the discussed upstream and downward propagation of the jet induced wave packet. The obtained wave propagation directions away from the jet are similar to those obtained in previous studies by Peters et al. (2003) and Serafimovich et al. (2005) based on observations in Northern Germany.
Furthermore, the radar measurements have been used to estimate the vertical fluxes of the horizontal momenta. Three methods have been applied to derive the momentum flux. All they revealed similar results. The estimation of variances from averaged time series revealed detailed information on the height dependence of fluxes. In order to investigate the impact of the jet induced inertia gravity waves (Table 2) on the momentum fluxes, we restricted our analysis to the height range 4-10 km and reduced possible influences of the background winds and of the mountain waves by filtering methods. As noted in Sect. 4.3, the parameters of the inertia gravity wave with a vertical wavelength of 4-5 km (Table 2) have been derived from the radar data during the period of the strongest wave activity on 25 January, resulting in a downward energy propagation. The derived positive vertical flux of the horizontal momentum in the zonal direction on 25 January from 12:00-24:00 UT between 6 and 8 km corresponds to the obtained wave parameters so that we found indications that the derived vertical fluxes of horizontal momentum is mainly determined by the jet induced inertia gravity waves. However, the results are relatively weak and concentrated only to restricted altitudes and periods, probably caused by the additional influence of convection and frontal passages. The separation of the influence of mountain waves and of jet-induced gravity waves on the total flux, remains matter of future studies.
Model simulations
The inertia gravity waves simulated with the MM5 model showed reasonable agreement with radar observations. This confirms that a vertical resolution of 250 m is sufficient to resolve mountain and jet generated gravity waves.
A detailed analysis of timing and location of the wave event showed that it appeared over Andenes 6 h later than observed. This might be attributed to the internal dynamics of the model, which is forced with 6 hourly ECMWF analyses at the lateral boundaries 1440 km away from the domain center. Hence, a realistic background could well be slightly deformed at such a distance.
Another finding is that the amplitudes of model-derived fluxes are approximately half the amplitudes of fluxes derived from ALWIN radar measurements. This difference can be attributed to damping by the model internal diffusion as analyzed by Zülicke and Peters (2006) . Hence, a further increase of model resolutions could reveal more realistic wind amplitudes. The diagnosed difference in wave direction could be attributed to the different background wind (see Fig. 2 ). During the time window (00:00-24:00 UT at 24 January 2003) the wind direction changed abruptly. Further, the timing of the strongest wind and associated wave activity was different by 6 h. Hence, a perfect agreement of the time series can not be expected.
Conclusions
Inertia gravity waves were found in the upper troposphere/lower stratosphere during the winter MaCWAVE campaign. Significant portions of waves could be attributed to mountains and the tropospheric jet. Hence, both types of waves are present in situations with strong westerly winds in troposphere and lower stratosphere and require consideration.
Inertia gravity wave properties such as wavelength, amplitudes, propagation and associated momentum flux could be coherently diagnosed in ALWIN radar and the MM5 model data. Consequently, both observation and modelling have proved their capability for the analysis of such processes.
Another question is how the wave spectrum looks downstream the mountain ridge and how the mountain and jet generated waves contribute to the vertical flux of horizontal momentum. VHF radar measurements give a good opportunity to investigate gravity waves due to the used high temporal and vertical resolutions, whereas the model analyses support these studies to get more insight in the atmospheric processes.
The shown consistency of the results derived from both, the mesoscale model simulations and the radar measurements, allows to combine their advantages in future detailed investigations, e.g. to separate pure standing mountain waves identified by the analysis of vertical winds and to investigate their possible interactions with jet induced inertia gravity waves near the Scandinavian mountain ridge.
